D-Trigalacturonic acid methylglycoside (3) was synthesized to evaluate the previously synthesized sulfur analogue 1 by comparison. The NOE experiments revealed that both 3 and 1 took on a similar conformation around their glycosyl linkage.
Since glycans play a variety of important roles such in-cell recognition, accumulation of energy, and stabilization of the cells, organs and frameworks for living things, 1, 2) understanding the reaction mechanisms for glycosidases is very important for their medicinal and industrial applications.
3) Many carbohydrate analogues, so-called glycomimics, have been developed as molecular probes for glycosidases in the last decade. 4) These have mainly focused on exo-glycosidases which cleave the terminal glycosidyl linkages. The mechanistic studies of endo-glycosidases, which hydrolyze the internal glycoside bonds, lagged behind in comparison with the exo-glycosidases, because of the absence of effective molecular probes.
On the other hand, Miyairi, one of authors in this report, has isolated endo-polygalacturonase 1 (endo-PG 1) from Stereum purpureum as the substance responsible for the silver-leaf disease on apple. 5) We expected that this enzyme would be ideal for the mechanistic studies, because endo-PG 1 formed a well-developed single crystal to provide the 3D structure with 0.96 Å resolution. 6) However, soaking experiments with trigalacturonic acid gave only a complex not with the trimer, but with two molecules of mono-galacturonic acid. This mono-galacturonic acid occured during the experiment due to the function of endo-PG 1 even in the crystal lattice. In the course of our studies on the mechanistic characteristics of endo-PG 1, we have designed and synthesized sulfur-substituted trigalacturonic analogue 1 as a stable mimic (Fig. 1 ). 7) In fact, the complex between 1 and endo-PG 1 was found to be 1000 times more stable than that with the natural substrate on the basis of a surface plasmon analysis. However, we met difficulty in a conformational comparison with natural trigalacturonic acid (2) , because the reducing end of 2 existed as a mixture of anomers under y To whom correspondence should be addressed. Tel/Fax: +81-172-39-3782; E-mail: hmasaru@cc.hirosaki-u.ac.jp Abbreviations: TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxyl, free radical; PhI(OAc) 2 , iodobenzenediacetate; MPMBr, p-methoxyphenylmethyl bromide aqueous conditions. We expected that methyl glycoside 3 would reduce this problem, because the introduction of a methyl glycoside to the reducing end should fix the stereochemistry. Our preliminary molecular modeling suggested that the methyl glycoside moiety would not interfere with the complexation with endo-PG 1. Unfortunately, the methyl glycoside form of trigalacturonic acid was not known in the literature, so we needed to prepare it by ourselves. In this paper, we describe the synthesis of 3 as well as a preliminary conformational comparison between S-glycoside 1 and O-glycoside 3.
Results and Discussion
We initially attempted to prepare 3 from polygalacturonic acid by the enzymatic partial degradation of polygalacturonic acid with endo-PG 1 and subsequent methyl glycosylation. However, we failed in this, in spite of many attempts, due to the low yield from enzymatic degradation and the isolation difficulty in the final step. We therefore decided to prepare it by chemical synthesis.
This synthesis is outlined in Scheme 1. Commercial methyl -D-galactopyranoside (4) was converted into 4,6-diol 5 by the sequential reactions of (i) tritylation of the C6 primary alcohol, (ii) benzoylation using two equivalents of benzoyl chloride at low temperature, and (iii) acidic hydrolysis of the trityl ether. The benzoylation reaction proceeded selectively at the sterically lesshindered C2 and C3 hydroxy groups. It was found that a combination of TEMPO and PhI(OAc) 2 8,9) took place the regioselective oxidation of 5 to give the corresponding galacturonic acid derivative which was isolated after conversion into methyl ester 6 (95% yield in two steps) by using diazomethane. Glycosyl donor 9 was also synthesized from phenyl 1-thio--D-galactopyranoside (7). 10) After the C4 and C6 alcohols in 7 had been simultaneously protected in the form of p-methoxyphenylmethylidene acetal, 11) the remaining C2 and C3 alcohols were transformed into MPM ethers with MPMBr/NaH to afford 8 in 69% yield in two steps. Treatment of 8 with NBS under the aqueous condition hydrolyzed the phenylthio acetal to provide the corresponding hemiacetal, which was further converted into -trichloroacetimidate 9 according to Schmidt's protocol. 12) Since our previous studies had revealed that the carboxylate ester function at the C6 position inhibited the glycosylation reaction, 7) the C6 carboxylic acid group was introduced after glycosylation. As expected, 9 smoothly reacted with acceptor 6 by using catalytic 
TESOTf to stereoselectively give -glycoside 10 in 73% yield. The -isomer was not found in the 1 H-NMR spectrum. After the p-methoxyphenylmethylidene acetal was selectively removed under the aqueous acidic condition, C6-OH of the resulting diol was selectively oxidized under the same conditions to those described for the oxidation of 5. This oxidation did not provide the carboxylic acid, but only aldehyde 11, so it was further oxidized into carboxylic acid with NaClO 2 . After treating with CH 2 N 2 , dimethyl ester 12 was obtained in 80% yield in three steps. Product 12 carried C4-OH, and this function was further glycosylated with 9 to result in triglycoside 13 with -stereochemistry.
The carboxylic acid function at the non-reducing end was provided by a similar sequence: (i) acidic removal of the p-methoxyphenylmethylidene acetal, (ii) TEMPO/PhI(OAc) 2 oxidation giving the corresponding C6 aldehyde, (iii) oxidation with NaClO 2 , and (iv) esterification with CH 2 N 2 . The last process, methyl ester formation, was required for effective silica gel column chromatographic purification. The MPM groups were then removed by DDQ oxidation, giving the corresponding pentaol in 64% yield. Finally, a basic treatment under aqueous conditions removed all benzoate and methyl esters to achieve the synthesis of 3 after passing the crude mixture through an ion-exchange column (Dowex 50W, H þ form). Our synthesis afforded a sufficient amount of 3 (25 mg in total) for NMR and subsequent detailed calorimetric experiments.
A preliminary conformational analysis of 1 and 3 was carried out by NMR experiments. NOESY is a powerful tool to investigate distances between two proton atoms. 13) In the carbohydrate research field, this technique has enabled the geometric-relationships of pyranose (or furanose) rings to be deduced in an oligosaccharide. [14] [15] [16] The 600-MHz NMR instrument provided the 1 H-NMR spectra for 1 and 3, both with satisfying signal separation, but it gave very poor NOESY spectra. Generally, when the product of correlation time and Larmor frequency ! is small, the maximum NOE intensity is positive, while it becomes negative when ! c is large. The maximum NOE intensity closes to zero and the number of cross peaks observed in NOESY spectra drastically decreases when ! c is around 1.13. 17) Fortunately, in our case, a 920-MHz NMR spectrometer turned these invisible NOEs by the 600-MHz spectrometer into observable as negative NOEs. There was no remarkable difference in the NOE pattern between 1 and 3. Both compounds 1 and 3 afforded NOE correlations at 1 00 $4 0 and 1 0 $4 with similar intensity, suggesting that the glycoside bonds in each compound took on similar conformations (Fig. 2) .
This was also supported by molecular modeling calculations. The stable conformers for models X (Oglycoside) and Y (S-glycoside) were estimated by structural optimization with Hartree-Fock 6-31G Ã18) of the tentatively obtained stable conformers which were provided by a conformational search 19) with semiempirical AM1. 20) As shown in Fig. 3 , it was found that the pyranose rings in the stable conformers of models X (O-glycoside) and Y (S-glycoside) took on similar orientations. The distances between C4H and C1 0 H for both models X and Y were small, showing good accordance with experimental NOEs. However, that for model Y (2.92 Å ) was larger compared to that for model X (2.13 Å ), and the geometry of the pyranose rings was slightly different between models X and Y. Thus, we concluded previously synthesized 1 mimicked 3 with slightly higher steric energy at the glycosyl bond being cleaved by endo-PG 1.
As described, we synthesized methyl glycoside 3. The NOE and modeling experiments suggested that previously synthesized 1 would mimic natural 2, but with slightly higher steric energy around the glycoside moiety to be cleaved. Since it is known that the enzymes would prefer the substrates taking on a strained conformation, this difference might be an advantage in complexation with an enzyme. Thus, further investigation by calorimetric experiments is underway in our laboratories. 
Experimental
General methods. Melting point (mp) data were determined with Yanako MP-J3 micro-melting point apparatus and are uncorrected. Optical rotation values were measured by a HORIBA SEPA300 high-sensitivity polarimeter.
1 H-and 13 C-NMR spectra were measured by a JEOL ALPHA 400 spectrometer for structural determinations, and a JEOL ECA 920 spectrometer was used for quantitative NOE experiments. In the 1 H-NMR spectra, the chemical shifts are expressed in ppm downfield from the signal for trimethylsilane used as an internal standard in the case of CDCl 3 . When another solvent was employed, the remaining proton signals in deuterosolvent C 6 HD 5 (7.15 ppm), CHD 2 OD (3.30 ppm), or HDO (4.63 ppm) were used as the internal standards. Splitting patterns are designated as s (singlet), d (doublet), t (triplet), m (multiplet), and br (broad). In the 13 C-NMR spectra, the 13 C chemical shifts of the solvents were used as the internal standard ( 13 CDCl 3 , 77.0 ppm;
13 C 6 D 6 , 128.0 ppm; or 13 CD 3 OD, 49.5 ppm). For the 13 C-NMR spectra measured in D 2 O, the default offset was employed and we did not perform corrections. Assignments of the signals are according to the numbering based on IUPAC nomenclature. IR spectra were obtained with a Horiba FT-720 Fourier transform infrared spectrometer in a KBr cell. Measurements of field desorption and fast atom bombardment mass spectra (FD-MS and FAB-MS, respectively) were performed with JEOL JMS AX500 or JEOL JMS SX102A spectrometers. Whenever MS spectra were measured in the negative mode, ''negative'' is mentioned. MS analyses for unstable compounds such as glycosyl imidates were not performed. Analytical and preparative thin-layer chromatography was carried out by using pre-coated Merck silica gel 60F 254 (Art. 1.05715) plates. The silica gel used for column chromatography was Merck silica gel 60 (Art. 1.07734). All reactions were carried out in an N 2 or Ar atmosphere by using dried solvents, except for the aqueous conditions. Dichloromethane and tetrahydrofuran were freshly distilled from diphosphorus pentoxide and benzophenone-ketyl, respectively. Molecular sieves 4A were finely powdered and activated (200 C in vacuo for 1 h) before use.
Methyl 2,3-di-O-benzoyl--D-galactopyranoside (5).
Commercial methyl -D-galactopyranoside (8.48 g, 43.7 mmol) was stirred with chlorotriphenylmethane (14.0 g, 50.2 mmol) in pyridine (50 ml) at 100 C for 30 min. The mixture was poured into H 2 O (200 ml) and extracted with AcOEt (150 ml Â 3). The organic layers were washed with brine (100 ml), combined, dried over MgSO 4 , and then concentrated in vacuo. Silica gel column chromatography of the residue (AcOEt 100%) gave the corresponding 6-O-triphenylmethyl ether (14.0 g, 73%) as a white solid. Recrystallization from AcOEt:hexane (50:50) gave colorless needles, mp 122- A solution of the 6-O-triphenylmethyl ether (1.59 g, 3.64 mmol) in CH 2 Cl 2 (100 ml) was stirred with benzoyl chloride (1.02 g, 7.26 mmol) and pyridine (576 mg, 7.28 mmol) at 0 C. After stirring for 5 min, the cooling bath was removed, and the mixture was stirred for 30 min more at room temperature. The mixture was poured into H 2 O (100 ml) and extracted with AcOEt (80 ml Â 3). The organic layers were washed with brine (80 ml), combined, dried over MgSO 4 , and then concentrated in vacuo. Silica gel column chromatography of the residue (AcOEt:hexane = 10:90) gave methyl 2,3- (6) . A suspension of 5 (1.05 g, 2.61 mmol) in a mixture of CH 2 Cl 2 (10 ml) and H 2 O (5.0 ml) was stirred with PhI(OAc) 2 (4.33 g, 13.4 mmol) and TEMPO (80.0 mg, 512.0 mmol) at room temperature for 10 min. The mixture was poured into H 2 O (70 ml) and extracted with AcOEt (40 ml Â 3). The extracts were washed with brine (50 ml), dried over MgSO 4 , combined, and then concentrated in vacuo. After the residue had been diluted with THF (8.0 ml), ethereal diazomethane was added until the yellow color did not disappear. After concentration in vacuo, silica gel column chromatography (AcOEt:hexane = 30:70) of the residue gave 6 (1.07 g, 95%) as an oil, ½ C for 10 min. After cooling, the mixture was poured into 5% aqueous NaHCO 3 solution (100 ml) and extracted with AcOEt (70 ml Â 3). The extracts were washed with H 2 O (50 ml) and brine (50 ml), combined, dried over MgSO 4 , and then concentrated in vacuo to give a crude solid. C. After 10 min, the cooling bath was removed, and the mixture was stirred at room temperature for 30 min. Methanol (5.0 ml) and triethylamine (5.0 ml) were added to decompose the excess reagent. After stirring for an additional 30 min, the mixture was poured into H 2 O (100 ml) and extracted with AcOEt (70 ml Â 3). The organic layers were successively washed with H 2 O (50 ml), and brine (50 ml), combined, and dried over MgSO 4 . After concentration, the residue was purified by silica gel column chromatography (AcOEt:hexane = 25:75) to give 8 (4.98 g, 96%) as an oil, ½ D 23 +1. C. After 5 min, 10% Na 2 S 2 O 3 (4.0 ml) was added to the mixture. After concentrating in vacuo, the residue was diluted with AcOEt (150 ml) and then washed with H 2 O (60 ml). The aqueous solution was extracted with AcOEt (50 ml Â 2). Each organic layer was washed with brine (50 ml), combined, dried over MgSO 4 , and then concentrated in vacuo to give a white solid. Recrystallization (from AcOEt:hexane = 50:50) gave 2, 3 ). This sample gradually decomposed, so it was immediately used for the next step. (10) . Triethylsilyl trifluoromethanesulfonate (1.8 mg, 6.8 mmol) was added to a suspension of 6 (30.1 mg, 69.9 mmol), 9 (138.7 mg, 0.2 mmol), and powdered 4A molecular sieves (43 mg) in CH 2 Cl 2 (0.5 ml) at À78 C. After stirring for 5 min, triethylamine (50 ml) was adding, and the mixture was allowed to warm to room temperature. After filtering through a cotton pad, the filtrate was concentrated in vacuo. Purification of the residue by silica gel column chromatography (AcOEt:hexane = 25:75) gave 10 (48. 8 (12) . A solution of 10 (348 mg, 366 mmol) in 60% aqueous acetic acid solution (8.0 ml) was stirred at 50 C for 20 min. After cooling, the mixture was concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt:hexane = 50:50) to give the corresponding diol (280 mg, 92%) as a viscous oil, ½ A suspension of the diol thus obtained (70.6 mg, 84.8 mmol) in CH 2 Cl 2 (2.0 ml) was stirred with PhI(OAc) 2 (141 mg, 437.8 mmol) and TEMPO (19.9 mg, 127.4 mmol) at room temperature for 10 min. The mixture was poured into H 2 O (40 ml) and extracted with AcOEt (30 ml Â 3). The organic layers were washed with brine (30 ml), combined, dried over MgSO 4 , and then concentrated in vacuo to give corresponding C6-aldehyde 11 (70.6 mg, 99%). Since this sample gradually decomposed, it was immediately used for the next step. After crude 11 had been dissolved in a mixture of 2-methyl-2-propanol (10 ml) and 2-methyl-2-butene (23.8 mg, 339.4 mmol), sodium dihydrogenphosphate dehydrate (79.4 mg, 508.9 mmol) and sodium chlorite (30.7 mg, 339.5 mmol) were successively added at room temperature. The mixture was stirred for 5 min at room temperature, poured into H 2 O (40 ml), and extracted with AcOEt (30 ml Â 3). The organic layers were washed with brine (30 ml), combined, dried over MgSO 4 , and then concentrated in vacuo. After diluting with THF (2.0 ml), an ethereal solution of diazomethane was added until the yellow color did not disappear. After concentrating in vacuo, silica gel column chromatography (AcOEt:hexane = 40:60) of the residue gave 12 (58.2 mg, 80%) (13) . A 0.16 M solution of triethylsilyl trifluoromethanesulfonate in Et 2 O (10 ml) was added at 0 C to a suspension of a mixture of 12 (14.0 mg, 16.3 mmol), 7 (33.3 mg, 48.8 mmol), and powdered 4A molecular sieves (20 mg) in Et 2 O (1.0 ml). After stirring for 10 min, triethylamine (10 ml) was added to quench the reaction. The mixture was filtered through a cotton pad, and the filtrate was concentrated in vacuo. Purification of the residue by silica gel column chromatography (benzene:AcOEt = 80:20) gave 13 (22.0 mg, 99%) as an oil, ½ D 22 +69. (14) . A solution of 13 (21.1 mg, 15.4 mmol) in 90% aqueous acetic acid solution (1.0 ml) was stirred at 50 C for 20 min. After cooling, the mixture was concentrated in vacuo. Silica gel column chromatography of the residue (AcOEt:hexane = 70:30) gave the corresponding diol (15.4 (15 ml Â 3) . The organic layers were washed with brine (15 ml), combined, dried over MgSO 4 , and then concentrated in vacuo. After diluting with a mixture of 2-methyl-2-propanol (0.5 ml) and 2-methyl-2-butene (4.4 mg, 63.0 mmol), sodium dihydrogenphosphate dehydrate (14.8 mg, 94.9 mmol) and sodium chlorite (5.7 mg, 63.0 mmol) were successively added at room temperature. After stirring for 30 min, the mixture was poured into H 2 O (20 ml) and extracted with AcOEt (15 ml Â 3). The organic layers were washed with brine (15 ml), combined, dried over MgSO 4 , and then concentrated in vacuo. After diluting with THF (1.0 ml), an ethereal solution of diazomethane was added until the yellow color did not disappear. 920-MHz NMR measurements. Sample solutions for NMR measurements were prepared by dissolving in 99.9% D 2 O, the sample pH not being adjusted. Shigemi NMR sample tubes matched with D 2 O were used. 920-MHz NMR spectra were measured by a JEOL spectrometer at Institute for Molecular Science, Okazaki, Japan. The sample was not spun, and the spectra were recorded at a temperature of 298 K. The water signal was suppressed by DANTE (Delay Alternating with Nutation for Tailored Exitation) method. 21) One-dimensional 1 H-NMR experiments were performed with a spectral width of 11,510.12891 Hz, 64 K data points and 8 scans. Both the two-dimensional ROESY 14, 15) and NOESY 16) spectra were recorded in the phase-sensitive mode, with a mixing time of 300 msec. and with 2048 Â 512 data points, and were zero-filled to yield 2048 Â 2048 data matrices. The two-dimensional { 13 C}-1 H HSQC 22) spectrum was recorded without 13 C decoupling during the acquisition period and with 2048 Â 128 data points. The number of scans for all spectra was 8. Time domain data in both dimensions were multiplied by a sine bell squared function. All 2D NMR spectra were processed by NMRPipe software, 23) and the signals were assigned by Sparky 3 (Goddard, T., and Kneller, D. G., SPARKY 3, University of California, San Francisco, CA, USA) run under Windows XP.
